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@ A circuit is disclosed for protecting an integrated 
circuit or another circuit from damage due to electro- 
static discharge. The protection circuit includes a 
triggering circuit and a clamping circuit In response 
to an electrostatic discharge, the triggering circuit 
tums on the clamping circuit to clamp a node of the 
protected circuit to both an upper and a lower poten- 
tial. This allows the electrostatic discharge to dis- 
sipate harmlessly to either potential source, depend- 



ing upon its polarity. Preferably, the triggering circuit 
consists of a resistor-capacitor network which gen- 
erates the required control signal every time power 
is supplied to the circuit being protected, while the 
clamping circuit consists of a pair of transistors for 
connecting an input pin to both the high and low 
potential sources. Typically, one protection circuit is 
coupled to each input/output pin of the integrated 
circuit being protected. 
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This invention relates to electrostatic discharge 
protection circuits. More particularly, the invention 
relates to an electrostatic discharge protection cir- 
cuit used to protect field effect transistor circuits, 
especially those with features of one micron or 
smaller. 

Integrated circuits employing field effect de- 
vices, commonly termed MOS integrated circuits, 
have a history of susceptibility to electrostatic dis- 
charge. Given the decreasing size of circuit fea- 
tures with ever-improving process technology, stat- 
ic electricity generated by daily activity alone can 
destroy or substantially harm many MOS circuits. 
The circuits most susceptible to damage are usu- 
ally finished circuits which have been packaged, 
but not yet installed into a finished product. Once 
installed, other means can protect the chip from 
damage. 

An electrostatic discharge typically occurs 
when the circuit is touched by an individual han- 
dling the drcuit before Installation: when a static 
discharge occurs as the packaged circuit slides on 
its pins across another surface; or more generally, 
whenever the circuit is exposed to static electricity. 
Overall, damage from electrostatic discharges is 
the cause of over half of the devices returned by 
customers. 

One traditional method for protecting integrated 
circuit devices employing field effect transistors 
from electrostatic discharge is to use diodes. 
These diodes are coupled between the input paths 
of the circuit and the pins to which the power 
supplies are connected. With electrostatic dis- 
charge events of one polarity the diodes are 
foro^ard-biased. and with discharges of the opposite 
polarity they are reverse-biased. Normally the dis- 
charge that causes the diodes to become reverse- 
biased is the more problematic, because voltages 
and power surges seen by the internal logic cir- 
cuits are higher than for the forward-biased case. 
Other methods used for protecting MOS circuits 
from electrostatic discharge damage are almost 
always variations on the diode clamping system 
described above. 

The traditional methods described above usu- 
ally function satisfactorily for circuits with large 
features. As the features of integrated circuits, how- 
ever, approach one micron and smaller, lower vol- 
tages than those which damage larger features can 
destroy the diodes and the circuit. A more serious 
problem with double diode clamps is that they are 
not readily subject to analysis by circuit simulation 
software. In other words, it has typically been a "hit 
or miss" approach with double diode clamps to 
protect circuits from electrostatic discharge. This 
hit or miss approach inhibits and delays product 
development adding trial and error design cycles 
to product release. 



Another complication with electrostatic dis- 
charge problems is the increasingly higher cus- 
tomer standards in device reliability and perfor- 
mance. The military, in particular, by imposing 
5 standards such as Military Standard 883C have 
significantly increased the product performance 
standard over the old standard. This has the ac- 
ceptability of previous electrostatic discharge pro- 
tection techniques. 

10 This invention as defined in claims 1 and 11 
provides electrostatic discharge protection circuitry 
that allows circuit fabrication and analysis using 
common methods. In particular, the technique of 
this invention provides a low impedance switch 

75 which dissipates static electricity, yet is transparent 
to normal circuit operation. The circuit of the pre- 
ferred embodiment satisfies military specifications, 
and is capable of protecting the newest substan- 
tially decreased feature sizes of MOS Integrated 

20 circuits, not heretofore possible. The invention also 
protects integrated circuits prior to their installation 
on circuit boards. 

The invention provides a switch between the 
power supplies driving the integrated circuit, typi- 

25 cally Vcc and Vss, that is tumed on only during the 
electrostatic discharge event. Using this technique, 
an electrostatic discharge event of polarity that 
would normally reverse-bias the circuits input di- 
odes now can be shunted through forward-biased 

30 diodes and a short circuit between Vss and Vcc. 

Additionally, electrostatic discharge events of a 
polarity that tended to reverse-bias the input diodes 
tends to supply power to VccA/ss. This invention 
makes use of the effect to provide power to the 

35 logic that controls the low impedance VccA/ss 
switch. 

In the cases of discharges during handling or 
when not in place on a printed circuit board, the 
discharge will power up the circuit causing the 
40 logic circuit to operate to tum on the clamp. The 
clamp then allows tfie electrostatic charge to dis- 
sipate through whatever material contacts the cir- 
cuit pins. 

The electrostatic discharge protection circuit of 
45 a preferred embodiment is easily fabricated on a 
chip using well known fabrication processes. The 
circuit is small, and therefore integrates easily onto 
an integrated circuit chip with tiie normal circuitry 
othenft^ise present. Importantly, the protection cir- 
50 curt is transparent to the protected circuit* s normal 
operation. 

Rgure 1 is a block diagram of a preferred 
embodiment of the electrostatic discharge protec- 
tion circuit illustrating its relationship with a circuit 
55 being protected. 

Rgure 2 illustrates a typical circuit employed to 
activate the electrostatic discharge protection cir- 
cuit. 
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Figure 3 illustrates the current paths for various 
discharge polarities between a pin or pins and 
power supplies. 

Rgure 4 illustrates an alternative embodiment 
of the electrostatic discharge protection circuit 

Rgure 5 illustrates a further altemative electro- 
static discharge protection circuit. 

Rgures 6A to 6F depict current paths for dis- 
charge polarities in multiple supply circumstances. 

Rgure 1 illustrates a preferred embodiment of 
the electrostatic discharge protection circuit in 
block form as employed to protect another circuit. 
As shown in Rgure 1, a protected circuit 10 has a 
series of input/output nodes 12. For simplicity, only 
three such nodes are shown in the figure; however, 
it should be understood that in a typical embodi- 
ment there may be hundreds of such nodes. The 
protected circuit can have any function, but typi- 
cally will be a digital logic circuit such as a gate 
array or the like. Data, addresses, and other signals 
destined for the protected circuit are received at 
bonding pads 16, typically positioned around the 
periphery of an integrated circuit on which all of the 
circuitry of Rgure 1 is formed. These signals then 
are supplied to input^output buffers 20 and to 
input/output control logic 15 before reaching the 
protected circuit Of course, in a similar manner, 
signals originating within the protected circuit, 
which are destined for circuits outside the inte- 
grated circuit being protected, are supplied from 
the protected circuit through the control logic 15 
and buffers 20 to bonding pads 18. 

Importantly, in addition to the conventional cir- 
cuitry described, the circuit shown in Figure 1 
includes some additional logic 22 for controlling or 
"triggering" the electrostatic discharge protection 
circuit 24. 30. This is described below. 

The electrostatic discharge circuit provides a 
switch 26 that is, by appropriate means, tumed on 
between Vcc and Vss, during an electrostatic dis- 
charge event. This results in the electrostatic dis- 
charge event being discharged in a direction that 
would normally reverse-bias the input diodes, the 
worst case in prior art devices. The event thus is 
shunted through the fon/vard*biased diodes and the 
short between Vss and Vcc. Because an electro- 
static discharge event in the direction that tends to 
reverse-bias the traditional input diodes is of a 
polarity that tends to power up Vcc/Vss, this circuit 
helps provide power to the logic 22 that controls 
the low Impedance switch. 

In essence, the trigger circuit 24 shown in 
Rgure 1 controls the clamps 26 to short Vcc to 
Vss. or power to ground, each time the chip on 
which the circuit 10 is located is tumed on. By 
adjusting the values of the resistor and capacitor 
components of the trigger, shorter or longer 
periods may be employed. In the prefenred em- 



bodiment logic circuit 22 is connected through a 
buffer 30 to the resistor-capacitor circuit 24. Buffer 
circuit 30 steps the voltage up from the RC circuit 
before it is applied to the logic circuit 22. The 

5 capacitor 36 of the trigger circuit is connected to 
Vss, while the resistor 34 is connected to Vcc. 

In operation, the protection circuit uses some 
of the voltage from the accumulating static elec- 
tricity to enable the logic 22 to turn on the clamp 

70 26 to dissipate the excess voltage. Because an 
electrostatic discharge event occurs much faster 
than 1 microsecond, the RC bypass circuit 24 is 
set so that the circuit time constant of resistor 34 
and resistor 36 are such that the low impedance 

15 switch is on for a period of time in excess of the 
electrostatic discharge event. A pretended time con- 
stant is about 1 microsecond, because it is slow 
enough to allow the discharge to power the logic 
circuit and enable the complementary transistors in 

20 the low impedance switch. 

The RC bypass circuit 24 is designed not to 
trigger during normal power supply ramp-up. This 
is achieved by setting the RC time constant greater 
than the ESD time constant and less than the 

25 circuit board's regular power supply rise time. 

Placing the clamp 26 in the I/O buffer 20, while 
placing the inverter at the logic output, effectively 
shields the logic circuit from static electricity dam- 
age, yet allows the logic circuit 15 to function 

30 normally. 

Rgure 2 is a schematic diagram illustrating the 
extra logic added in block 22 of Rgure 1 to provide 
electrostatic discharge protection. The circuit 
shown in Rgure 2 receives three input signals, a 

35 reset signal Rfrom circuit 24, a data signal D and a 
signal T. Under normal protected circuit conditions 
only D and T are active, in the event of an electro- 
static discharge, however, Rwill go to a low voltage 
to turn on the low impedance switch 26 on the 

40 right-hand side of the circuit The low impedance 
switch connects Vcc to Vss, discharging the elec- 
trostatic event 

Rgure 3 is a diagram illustrating \he discharge 
paths for several different electrostatic conditions. 

45 The circuit of Figure 3 includes a Vcc rail and a 
Vss rail. The clamp circuit 26 described in conjunc- 
tion with Figure 1 is illustrated as a switch 26 in 
Rgure 3. 

To explain tiie discharge patiis. switch 26 is 
50 shown in a closed position as it would be after 
triggering by an electrostatic event The diodes 41 
and 42 shown in the figure are tiie input diodes 
associated with each bonding pad, while tiie large 
diode 40 represents the diode formed by the N 
S5 conductivity type wells and P conductivity type 
substrate in a typical CMOS semiconductor struc- 
ture. As shown by tiie patii designated A, if either 
Vcc or Vss is charged positively with respect to the 
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other, the discharge would be dissipated through 
the switch to the other rail. 

On the other harid, if the electrostatic discharge 
causes Vcc to be biased positively with respect to 
the bonding pad 18, the discharge will flow through 
switch 26 and then through diode 41 to bonding 
pad 18, If pad 18 is biased more positive than Vss, 
then the discharge is dissipated through a path 
from the bonding pad through diode 42. and then 
through switch 26 to Vss. 

Also illustrated in Rgure 3 is the pad-to-pad 
discharge path. If bonding pad 18 is biased by the 
electrostatic discharge event more positively than 
pad 18*. then the charge will be dissipated along 
path B. If pad 18' is positive compared to pad 18, 
then the charge will be dissipated in a con^espond- 
ing manner. 

Rgure 4 is an altemative embodiment in which 
the control logic 15 is protected by a trigger circuit 
35 driving a single large transistor 38. instead of 
the clamp discussed above. The source and drain 
of the transistor are coupled t>etween Vcc and Vss. 
During an electrostatic event, the trigger is ac- 
tivated, turning on transistor 38 for a short time to 
dissipate the excess charge to the power supply, 
regardless of the polarity of the discharge. Trigger 
35 can employ any standard triggering technique. 
For example, in one embodiment it is activated 
each time the circuit is turned on by using an RC 
network such as network 24 in Rgure 1 . 

A further embodiment of the invention is shown 
in Rgure 5, illustrating a different trigger circuit. As 
shown therein, a capacitor 39 is connected be- 
tween Vcc and a field effect transistor 44. The gate 
of field effect transistor 44 Is, in tum. connected to 
another field effect transistor 43. while the source 
and drain are connected between Vcc and ground. 
Transistor 43 Is connected between the gate of 
transistor 44 and ground, with the gate of transistor 

43 being coupled to an RC network formed by 
resistor 45 and capacitor 47. 

In operation, a voltage spike or discharge on 
Vcc will charge capacitor 39 tuming on transistor 

44 to short Vcc to ground whenever a spike occurs. 
The RC networic has a time constant of about 2 
microseconds and prevents Vcc from being con- 
nected to Vss except during power up or during a 
pulse on Vcc. In tfie prefenred embodiment, capaci- 
tors 39 and 47 will each be about 2 picofarads, and 
resistor 45 will be about 1 megohm. 

Rgures 6A-6F illustrate current paths for dis- 
charges of various polarities in a multiple pin cir- 
cumstance. For an integrated circuit to comply witti 
military standards, it must be capable of dissipating 
an electi-ostatic charge of any polarity applied to 
any one of the multiple power supplies used to 
drive a circuit. The dissipation of charge in these 
circumstances is shown in Rgure 6. Each of the 



figures depicts the input diodes, tfie substrate N- 
well diode, and the clamp circuit described in con- 
junction witii eartier figures herein. Con-esponding 
components have been given tiie same reference 
5 numeral in each figure. Each figure also shows the 
circuitry for each of two pins-pin E and pin I, each 
pin driven by different power supplies. All pins on 
an integrated circuit are effectively connected to- 
gether through a substrate resistance, and this re- 

10 sistance is represented by a resistor 50 shown 
between the electrostatic discharge protection cir- 
cuit for pin E and the circuit for pin I. 

In Rgure 6A two electrostatic discharge cun'ent 
paths are depicted. The first cun-ent path shows 

75 cun^ent flow for a circumstance in which tiie input 
pin 18E is biased positively with respect to Vssl. In 
this circumstance, the current flow tiirough the up- 
per diode 42E to VccE. then tiirough clamp 26E 
and substrate resistor 50 to Vssl. As also shown in 

20 Rgure 6A, ff instead Vssl is biased negatively with 
respect to Vssl, then current flow is tiirough resis- 
tor 50 and lower diode 41 E to pad 1 8E. 

Figure 6B illustrates two cunrent pattis for cir- 
cumstances in which the input pin is biased posi- 

25 tively and negatively witii respect to VccI of an- 
other pin on the circuit. In the case in which the 
input pin 18E is biased positively with respect to 
VccI, tiien cun-ent flow is through the upper diode 
42E. the low impedance switch 2eE, the substrate 

30 resistor 50, and finally diode 401 to VccI. For ttie 
circumstance In which VccI is biased more posi- 
tively than the input pin 18E, tiien cunrent flow is 
through switch 261, substrate resistor 50, and lower 
diode 41E to pad 18E. 

36' Rgure 6C depicts the circumstances in which 
VccE is biased positively and negatively with re- 
spect to Vssl. In the case of Vcc being more 
positive tiian Vssl, tfie cun^nt flow is through 
switch 26E in substrate resistor 50 to Vssl. In tiie 

40 otiier circumstance, cunrent flows from Vssl through 
ttie diode 40E to VccE. 

Rgure 6D illustrates circumstances in which 
VccE and VccI are biased wltti by the electrostatic 
event opposite polarities. As shown, the current 

45 pattis are symmetrical. When VccI Is biased more 
positively than VccE. cun-ent flows through switch 
261. tiirough substrate resistor 50 and through di- 
ode 40E to VccE. If VccE is more positive tiian 
VccI. cun-ent flows in the opposite direction through 

50 switch 26E and diode 401. 

Rgure 6E illustrates a simple case in which 
VssE and Vssl are biased by ttie electrostatic event 
with respect to each other. As shown, current sim- 
ply flows from the more positively biased to the 

55 less positively biased through tiie substrate resistor 
50. 

Rgure 6F illustrates the circumstance in which 
VccI and VssE are biased with respect to each 
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other. In this case, current flowing from vcci passes 
through switch 261 and resistor 50. Current flowing 
in the opposite direction flows through resistor 50 
and diode 401. 

The techniques described herein were tested 
to assure their compliance with Military Standard 
883C. In one test various components were manu- 
factured in a manner which allowed the electro- 
static discharge techniques described herein to be 
selectively enabled and disabled. Each part was 
"zapped" at 3 KeV in accordance with the military 
specification on a IMCS 3000 ESD tester. All parts 
passed the test with the protection circuit enabled, 
and all failed with the circuit disabled. 

An Important advantage of all of the alternative 
embodiments described above is their ability to be 
simulated using conventional circuit simulation 
techniques. Prior art techniques for protecting cir- 
cuits from electrostatic discharge were difficult to 
simulate, and consequently circuits employing 
them often required modification after fabrication of 
an integrated circuit employing them. Of course, 
making significant changes to an integrated circuit 
after its initial fabrication is extremely expensive 
and time consuming, often delaying shipment of 
the protected product for a considerable period. 
Such delays are highly disadvantageous. In addi- 
tion, circuits employing the protective techniques 
described herein satisfy military specifications. Ac- 
cording to one military specification, no damage to 
a circuit must occur if any or all pins are zapped to 
each of power and ground, and also with respect to 
other pins. 

Although the foregoing has been a description 
of the preferred embodiment of the invention, it will 
be obvious to those of skill in the art that variations 
may be made without departing from the scope of 
the invention. For example, although in the pre- 
ferred embodiment the protected circuit the logic 
circuit implementing the electrostatic protection 
and the clamp circuit have all been described as 
employing field effect transistors, bipolar transistors 
may be used Instead. The scope of the invention is 
set forth In the appended claims. 

Claims 

1. A protection circuit for protecting a functional 
circuit from electrostatic discharge, the protec- 
tion circuit comprising: 

a first node for being connected to a first 
higher potential source; 

a second node for being connected to a sec- 
ond lower potential source; 
switch means for switchably connecting the 
first node to the second node in response to a 
control signal; 

triggering means connected to the switch 



means for generating the control signal in re- 
sponse to an electrostatic discharge. 

2. A protection circuit as in claim 1 wherein the 
5 switch means comprises: 

a first transistor connected between an input 
node of the functional circuit and the first node, 
and 

a second transistor connected between the in- 
10 put node and the second node. 

3. A protection circuit as in claim 2 wherein each 
of the first and second transistors is connected 
to receive the control signal and in response 

15 connect the input node to the corresponding 

first and second nodes. 

4. A protection circuit as in claim 3 wherein each 
of the first and second transistors comprises a 

20 field effect transistor. 

5. A protection circuit as in claim 1 wherein the 
triggering means comprises a resistor-capaci- 
tor network for triggering the switch means 

25 whenever power is applied to the functional 
circuit. 

6. A protection circuit as in claim 5 wherein the 
resistor-capacitor network comprises a serial ly- 

30 connected resistor and capacitor between the 
first node and the second node. 

7. A protection circuit as in claim 6 wherein the 
resistor-capacitor network is chosen to have a 

35 time constant of greater than the duration of 
the electrostatic discharge. 

8. A protection circuit as in claim 1 wherein the 
switch means comprises a single transistor 

40 connected to the first node and the second 
node. 

9. A protection circuit as in claim 8 wherein the 
single transistor comprises a field effect tran- 

45 sistor having a control electrode connected to 
the trigger circuit 

10. A protection circuit as in claim 1 wherein the 
triggering circuit comprises: 

50 a transistor connected between the first node 
and the second node and the transistor, where- 
by an electrostatic discharge on the first node 
will turn on the transistor to connect the first 
node to ground. 

55 

11. An integrated circuit protected from electro- 
static discharge comprising: 

a functional circuit having a plurality of connec- 



5 



EP 0 435 047 A2 



tion nodes for performing operations in re- 
sponse to signals supplied to the connection 
nodes, the functional circuit having at least a 
first and a second connection node for being 
connected across a potential source; 5 
a plurality of switch means, one connected to 
each of the corresponding ones of the plurality 
of connection nodes, each switch means for 
connecting that connection node to both the 
first and second connection nodes in response w 
to a control signal; and 

a triggering circuit for generating the control 
signal in response to an electrostatic dis- 
charge. 

?5 

12. An integrated circuit as in claim 11 wherein the 
triggering circuit also generates the control sig- 
nal for a short time each time power is applied 
to the functional circuit. 

20 

13. An integrated circuit as in claim 12 wherein the 
triggering circuit is also connected between the 
first and the second connection node. 

25 



30 



35 



40 



45 



50 



55 



EP 0 435 047 A2 





EP 0 435 047 A2 



i 

CO 



-vw^ — I 



U 





PADH 






( 





-Kh 

~iAf 

T T 

II- 





-Kh 



"LTU 
T T 



4<h 



LTir 

T T . 



^<^■ 



IT ' 
T 



— K}-m 



CO 

.CO 



UTT 




CVJ 

o 



EP 0 43S 047 A2 



Vcc 



18+ to Vss 
/ ^ — s Vcc to Vss 



5 



42 



18 



26- 



^41 



N- 



18 



40 ^ 



li 



Vss 



18- To Vss 

FIG. 3 



Vcc 



Vcc 



Vcc 



40. 



45 




47'^ 



—42 



^3 - 



FIG. 5 



35' 




FIG. 4 



EP 0 435 047 A2 



18E+ to VssI 



i8E-a 




VccI 



40I-S 



N- 



VssI 



18E to VssI 



FIG. 6A 



18ESD 




18E-to VccI 



FIG.6B 



EP 0 43S 047 A2 



-Y-VccE+ To VssI 




P- VccE- to Vssl 



FI6.6C 



VccE 

3" 



40E— S 



VccE+ To Vssl 
V ^ VccI 



18E 7^ 
41E>r 



VssE 




SUB 
RES 



VccE- To Vssl 



FI6.6D 



S I 



EP 0 435 047 A2 




VssE+ Vs^^ p- 

SUB 

RES 

FI6.6E 



VccE 



VssE- To VccI VccI 




P- ^VssE+ to VccI 

SUB 

RES 



FI6.6F 



® 



J 



Europalsches Patentamt 
European Patent Office 
Office eurcp^en des brevets 



© Publication number: 



0 435 047 A3 



® 



EUROPEAN PATENT APPLICATION 



© Application number: 90123631.5 
<g) Date of filing: 08.12.90 



® Int. Ci5: H01L 27/02, H02H 9/04 



® Priority: 19.12.89 US 452879 


© Applicant: NATIONAL SEMICONDUCTOR 


® Date Of publication of application: 


CORPORATION 


2900 Semiconductor Drive P.O. Box 58090 


03.07.91 Bulletin 91/27 


Santa Clara California 95051 -8090(US) 


® Designated Contracting States: 


@ Inventor: Merrill, Richard B. 


DE FR GB IT 


258 Alta Vista Way 




Daly City, CA 9401 4(US) 


® Date of deferred publication of the search report: 




15.07.92 Bulletin 92/29 






© Representative: Sparing Rohi Henseler 




Patentanwaite European Patent Attorneys 




Rethelstrasse 123 




W-4000 Dtisseldorf 1(DE) 



© Electrostatic discharge protection for Integrated circuits. 



CO 
< 

o 
in 

CO 



Q. 

Ul 



@ A circuit Is disclosed for protecting an integrated 
circuit or another circuit from damage due to electro- 
static discharge. The protection circuit includes a 
triggering circuit and a clamping circuit. In response 
to an electrostatic discharge, the triggering circuit 
turns on the clamping circuit to clamp a node of the 
protected circuit to both an upper and a lower poten- 
tial. This allows the electrostatic discharge to dis- 
sipate harmlessly to either potential source, depend- 



ing upon its polarity. Preferably, the triggering circuit 
consists of a resistor-capacitor network which gen- 
erates the required control signal every time power 
is supplied to the circuit being protected, while the 
clamping circuit consists of a pair of transistors for 
connecting an input pin to both the high and low 
potential sources. Typically, one protection circuit is 
coupled to each input/output pin of the integrated 
circuit being protected. 
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